An estimate of the time-varying ocean circulation, obtained over the period 1952-2001 is analyzed here with respect to its decadal and longer term changes in sea level.
Introduction
During the past 20 years, substantial progress has been made in analyzing and understanding decadal variability and multi-decadal trends in global ocean heat content and thermosteric sea level. Church et al. (2001) documented the widespread results of early thermal expansion estimates of the order of 1 mm/y. In particular, there exists a significant disparity (Munk, 2002; Cabanes et al., 2001; Cazenave and Nerem, 2004; Miller and Douglas, 2004 ) between estimates of global sea level rise and its thermosteric component in the second half of the 20th century. Church et al. (2004) attempted to provide an improved estimate of sea level change over the last 50 years by extending the unprecedented data coverage available since the launch of Topex/Poseidon backward in time using EOFs jointly with long tide gauge records. Tide gauge data suggest an increase of about 1.8 mm/y (Douglas, 1991 (Douglas, , 1997 Church et al., 2004) . However, this estimate is subject to a large regional variability, which raises serious questions about the adequacy of this global data base for such an investigation.
Investigations of the 50-year ocean data record with respect to ocean heat storage and thermosteric sea level rise have been carried out by Levitus et al. (2000 Levitus et al. ( , 2005d , Antonov et al. (2002 Antonov et al. ( , 2005 , and Ishii et al. (2003 Ishii et al. ( , 2006 . All those studies are based on the same World Ocean Database (Conkright et al., 2002) Contribution of a halosteric component to sea level change was estimated by Ishii et al. (2006) as 0.04 ± 0.01 mm/yr, consistent with the earlier estimate by Antonov et al. (2002) . While the halosteric contribution is important in regional patterns of sea level change, it does not contribute much to a global average steric change whereas an eustatic contribution of 1.1-1.3 mm/yr due to the associated freshwater input dominates the sea level change (Wadhams and Munk, 2004) . The lack of historical salinity data, especially in the Southern Hemisphere, however, may preclude an accurate estimate of the global oceanic freshwater budget over the 50-year record. Gregory et al. (2004) tested the sensitivity of estimates of sea level change on different assumptions while filling datavoid regions. The authors showed that results of heat content changes are indeed affected by details of the analysis procedure and that resulting errors in the estimate of the heat content can be larger than the trend over the 50-year period. Obtaining estimates of SSH changes over the last 50 years from data alone, therefore, remains to be extremely challenging.
To overcome the inadequate data distribution a promising approach is to synthesize all available data into one dynamically consistent estimate of the evolving ocean by merging them with a circulation model through data dynamically consistent assimilation. The benefit of such an analysis over many years and decades resides in the fact that the ocean model carries the information, obtained by the ocean observing system locally in space and time, over many years and decades forward and backward in time and thus allows, at least hypothetically, the possibility of inferring the ocean state and its changes even in locations remote from direct observation. The consortium for Estimating the Circulation and Climate of the Ocean (ECCO) previously demonstrated the feasibility to obtain such dynamically consistent global ocean state estimates (Stammer et al., 2002 (Stammer et al., , 2003 (Stammer et al., , 2004 Wunsch and Heimbach, 2006) . Wunsch et al. (2007) Cazenave and Nerem (2004) and Leuliette et al. (2004) have estimated from altimetric data a global average sea level rise of 2.8∓0.4 mm/yr during the last decade.
To address climate relevant problems, longer time scales have to be taken into consideration. It was therefore attempted by the German partner of the ECCO effort (GECCO) to estimate the ocean circulation over the 50-year period 1952-2001 . The aim of the GECCO effort is to bring the ECCO/MIT adjoint ocean circulation model Marotzke et al., 1999) into consistency with all in situ and satellite observations that were collected since the beginning of the 1950s. The GECCO optimization follows essentially the procedure of the previous ECCO optimization over 11 years, described in detail by . Based on this 50-year optimization, investigated decadal changes of the meridional overturning (MOC) in the Atlantic Ocean, and also provide details on the optimization set up. This present study will focus on regional and global sea level changes on decadal and longer time scales as they result from the GECCO estimate.
The structure of the remaining paper is as follows: Section 2 describes the method and approach taken here. Estimates of sea level change from the GECCO results are 
Methodology
The assimilation approach used in this study is essentially identical to the 11-year ECCO global data synthesis on a 1 • horizontal grid described by . It is based on the ECCO/MIT GCM and its adjoint. As in the 11-year optimization, the adjoint code to GM and KPP was excluded from the adjoint model, but additionally higher viscosity and diffusivity were used in the adjoint. Further details of the optimization procedure are provided by . As in that study, we use results obtained after 23 iterations, which were required to bring the model into agreement with the large-scale data structures, and we also exclude the first decade of estimate from the analysis because of model adjustments during that phase.
To bring the global 1
• model into agreement with observations, initial temperature and salinity conditions as well as the time-dependent (10-day averages) surface fluxes of momentum, heat, and freshwater were adjusted by the adjoint method. The data coverage after 1992 is the same data base available during the 11-year estimation. Before 1992 the state is mainly constrained by an extensive data base of subsurface XBT and MBT measurements from the World Ocean Data Base 2001 (WOD01; Conkright et al., 2002) . Some of these XBT data is known to have systematic errors in the drop rate equation. Although a drop rate correction is applied to the WOD01 data, an uncertainty about this bias remains. Additionally, tide gauge data were assimilated which contain an eustatic component of the sea level rise not simulated by our model. However, the weights associated with the tide data were very small and the misfit to the tide gauge data was not reduced during the optimization. More details about the data constraints and the weights are provided by Köhl et al. (2006) .
While analyzing the SSH trends from the the ECCO/MIT model which is based on the Boussinesq approximation, one has to keep in mind that the model conserves volume
(not mass) and that the globally averaged SSH is therefore not permitted to change with time. However, estimations of the thermosteric and halosteric components of SSH trends are not affected. According to Greatbatch (1994) , with the knowledge of the surface freshwater flux, a global correction can be calculated from the steric and the eustatic (the volume flux associated with the freshwater flux) components. However, as will be explained in detail below, we do not use this correction because the imbalances in our globally averaged net surface freshwater fluxes appear to be unrealistically large.
SSH Trend 1962 -2001
In this section we will show estimates of SSH changes on decadal and longer time scales.
We will divide this discussion into an estimate of SSH changes over the 40-year period 
where ρ 0 is a reference density and H the water depth. The global mean trends for the thermosteric and halosteric fields are 0.92 mm/yr and -0.18 mm/yr, respectively. The thermosteric expansion is slightly larger in magnitude than the halosteric contribution.
However, because both components share many common patterns but with opposite sign, the net steric SSH changes are actually smaller than suggested by each field alone. As will become more obvious below, this close relation between both components indicates that most of the steric changes in the ocean can be explained by a redistribution (advection) of water masses and the opposing patterns result from the fact that, for most of the ocean, high temperatures are associated with high salinities.
For a further analysis of the evolution of steric SSH changes, Fig 
Global Heat Content Changes
For a further analysis of the models heat content, we show in Fig. 3 a time series of Fig. 3 the global heat content change computed over the top 700 m, and from top to 3000 m.
Changes below 3000 m are negligible. A temporal mean was removed from each curve.
Also shown are respective estimates inferred from Levitus et al. (2005b) available salinity data together with the low sensitivity of salinity to the global mean freshwater flux precludes an easy estimation of the eustatic contribution to global sea level. The problem had already become apparent in the shorter run by and is discussed in some detail by Wunsch et al. (2007) . Because of the large freshwater flux bias in the GECCO result, applying the Greatbatch (1994) corrections is not useful to estimate the global SSH change and only the thermosteric part could be estimated.
On the other hand, Wunsch et al. (2007) were able to provide a much smaller net surface freshwater flux of 1.1±0.04 mm/yr with unprecedented small error bars, despite their suspicion that large errors will be associated with estimates of fresh water changes from salinity measurements. The difference to our results can be explained by additional global balance constraints on freshwater and enthalpy that they imposed in their optimization. It is therefore likely that these constraints primarily determine the size of their global trend estimates and that the available salinity data is not enough to constrain the freshwater fluxes.
SSH Trends 1992 -2002
The period after 1990 is marked by an unprecedented sampling of ocean sea surface and hydrography, especially through Repeat Hydrography and the ARGO network and through the advent of high-precision satellite altimetry. The impact of altimetry is especially large because of its ability to provide accurate observations of global sea level patterns and trends. An example is provided in the top panel of Fig. 5 showing an Fig. 5 estimate of the trend in SSH estimated for the period 1992 through 2001. Moreover, because altimetric height is highly correlated with heat content and steric height (White and Tai, 1995; Stammer, 1997; Gilson et al., 1998; Willis et al., 2003 Willis et al., , 2004 , this fact can be exploited, both to assess the sampling error of the sparse in situ networks and to correct it (Willis et al., 2003) . A comparison of GECCO results from this period with otherwise available information about sea level changes will therefore be a test of the GECCO results. Time series of thermosteric SSH changes during the last 10 years of the GECCO run, shown in Fig. 7 for the same latitude bands as shown for the 50-year time series (Fig. Fig. 7 2), can be compared with similar results provided by Willis et al. (2004) and anomalous Ekman downwelling associated with SAM causes a gyre spin up (Hall and Visbeck, 2002) . On the other hand a 5-year lag between SAM and the response in SSH was explained by a baroclinic response of the circulation that propagates as described by Qiu and Chen (2005) in the form of baroclinic waves created further east of the main SSH increase. From altimeter data, the authors hypothesize that a similar mechanism is responsible for SSH changes in most or all ocean basins, i.e., that mid-latitude gyres in all of the oceans have been affected by variability in the atmospheric annular modes on decadal time scales. In the following we will test this hypothesis based on GECCO results.
The oceanic response to wind stress forcing is in the form of Rossby waves and a timedependent Sverdrup circulation is established within the time it takes for long Rossby waves to propagate across the basin. For large horizontal scales, a quasi-stationary solution of the linear barotropic vorticity equation to time-varying wind stress curl is established within a few weeks (Willebrand et al., 1980) . However, baroclinic waves, forced by the anomalous Ekman pumping, and their associated SSH signal may take many years to cross the basin (Chelton et al., 1998) . These transient phenomena are important to establish the vertical structure of the circulation. For a barotropic circulation, the relation Consistent with the slow propagation speed of baroclinc waves, only about 43% of the SSH variability can be explained by the barotropic streamfunction on interannual time scales.
However, the explained variance increases to 72% on interdecadal time scales, when the assumption, that the trend of the SSH response is already equilibrated by baroclinc waves, is more appropriate.
To confirm that the changes in the barotropic streamfunction are driven by changes in the wind field according to the barotropic vorticity equation, we show in the lower part of Fig. 8 the trend in the pure Sverdrup circulation as it results from the GECCO wind stress fields over the same periods. For that purpose the Sverdrup transport streamfunction was evaluated from monthly mean GECCO wind stress fields according to
with β = ∂f /∂y, ρ 0 a reference density, and τ the wind stress. Trends in the Sverdrup transport streamfunction were calculated subsequently from the monthly mean fields. To further quantify the amount in SSH changes that are due to wind stress changes as opposed to other mechanism (e.g, local surface heat fluxes), we performed two additional experiments. In the first experiment the buoyancy (heat and freshwater) fluxes were replaced by climatological fluxes calculated from the monthly mean GECCO fields. Ideally this experiment would already identify the impact of the changing wind stress. However, longterm changes due to adjustments to the initial conditions as well as the necessary inclusion of a weak relaxation to surface temperature and salinity still effect the SSH changes. The influence of the latter two processes was therefore estimated by a second experiment in which all fluxes including in the wind stress were climatological. The difference between these two experiments is then finally used as an estimate of effect of the changing wind stress on sea level trend. For this decomposition, linearity of the associated processes is assumed. The remaining residuals from a comparison of the sum of the trends with the total trend indicate some nonlinearity of the sytem which also might lead to the imperfect removal of the trend associated with the model drift.
The zonal average of the associated trend in sea level is shown in Fig. 9 together Fig. 9 with the zonal average of the total sea level trend. Shown are results for the two periods 
Concluding Remarks
Because global and regional increase in sea level are quantities of specific societal relevance and of large interest (Cabanes et al., 2001; Munk, 2002; Miller and Douglas, 2004) , there is the expectation that ocean syntheses will contribute to this discussion in a quantitative manner. In this context one has to recall, however, that essentially all ocean models to date are Boussinesq models and therefore conserve volume globally rather than mass. Greatbatch (1994) suggested that one can correct the change in mass given that the total freshwater flux into the ocean is known. Unfortunately the estimation of the global mean freshwater flux from sparse salinity data is not well conditioned in our approach and an unrealistically large bias of -1.0 cm/yr is estimated over the last 40 years. Therefore only thermosteric contribution to the global sea level rise could be determined, which amounts As an example, Lombard et al. (2005) , based on an EOF analysis, suggest that much of the observed interannual-to-decadal variability in sea level is caused by changes in heat content which can be attributed to climate phenomena such as El Nino/Southern Oscillation, the Pacific Decadal Oscillation, or the North Atlantic Oscillation. We confirm here that for regional changes during the 1990s most of the estimated changes in SSH are related to changes in heat content. However, this does not seem to hold during the last 40 years. Since most of the regional sea level trends are related to wind driven changes of the circulation, salt effects need to be considered as well: GECCO results suggest that during the last 40 years the salt effect on regional sea level changes might be almost equally large as that resulting from heat content changes. We note here that the problem of estimating the eustatic component (the global freshwater imbalance) from salinity does not significantly affect the estimation of regional sea level changes since only the halosteric contribution of the freshwater flux, which is a factor of 35 smaller, may cause regional changes. The volume effect is equilibrated by barotropic waves on time scales of a few days.
The great advantage of our approach to bring an ocean circulation model into consistency with most of the observations, collected since the beginning of the 1950s, is that no ad hoc method is needed to treat data-void regions since the information is carried by the dynamics of the model. On the other hand, since the method is not designed to correct for deficiencies of this model, the GECCO estimate is limited by the realism of this numerical model which is, due to the cost of the method, of much coarser resolution than current simulation efforts. We also note that no estimation is provided. This error would most likely be dominated by an unknown model bias which in fact could be estimated by a multi model approach but only if the set of models would not all share the same problems. Altogether, our estimate is not intended to provide a final answer to the problem of sea level change but a complementary view to data based studies. : Total sea level (green, from AVISO SSH) and thermosteric (0-750 m) sea level estimated from in situ data only (red) or using the altimeter/thermosteric height correlation as a first guess for objective mapping of the in situ data (black). These estimates are from Willis et al. (2004) and Lyman et al. (2006) and shown together with the thermosteric sea level form the GECCO 50-year ocean synthesis (blue) for averaged over different regions as indicated in the panels. 
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